In this study, the electronic and the optical properties of monolayer black phosphorus (BP) doped with Gold (Au), Tin (Sn) and Iodine (I) atoms have been investigated by the density-functional theory (DFT) method. In the calculations, the electronic and the optical properties of monolayer BP have been substantially changed with doping. Monolayer BP has a narrow bandgap as 0.85 eV, BP doped with these atoms, results in a metallic behaviour and nearly spin gapless band gap behaviour. The dielectric constant of BP which shows anisotropic optical properties due to different edge states as zigzag and armchair has been changed with doping especially with Au.
Introduction
Since the discovery of graphene, two-dimensional (2D) materials have been attracted the attention of many researchers [1] [2] [3] [4] . In recent years, 2D materials such as hBN (hexagonal boron nitride), transition metals dichalcogenides (TMD), black phosphorus (BP) have been intensively studied due to their unique electronic and structural properties [5] [6] [7] [8] . The hBN and graphene have been thought as heterostructures for a number of applications [9] [10] [11] .
TMDs are shown with a general formula MX 2 (M: Mo, W, X: O, S, Se, Te) and are intensively investigated owing to different combinations with different electronic properties. Just like these, the BP has remarkable the electronic properties because of its controllable band gap at the gamma (Γ) point. The band gap of BP can be shown different from 0.3 to 2.0 eV depending on a number of layer of BP [12, 13] . Also, some studies are shown that the band gap of BP can be changed with strain as well [14] .
The bulk and the single layer BPs are reported to be experimentally grown in the literature [15] . Previously, it was known that the BP can be prepared from white or red phosphorus under high pressure [16] . In addition, in different studies, the BP can be prepared directly from amorphous red phosphorus [17] .
The BP crystals can be growth using some reaction promoters or mineralisation additions such as SnI 4 and Au to obtain from red phosphorus [17] [18] [19] [20] . In the results of BP growths, just as some side products can be formed like AuSnP, these atoms as Au, Sn and I may be settled into BP crystal as an impurity or doping atom in the during growth of the BP [21] . It is well known that these atoms have been significantly affecting the electronic and optical properties of the grown crystals [22] [23] [24] . Therefore, this situation has become important that the effect of Sn, I and Au atoms on electronic and optical properties of BP must be investigated. These impurity atoms may be found such as substitutional or add-atom in the crystal. For example, the electronic properties of BP with doped Au have been investigated in detail like add-atom and it is shown that some metal atoms have been changed the electronic properties of BP such as metallic, narrow band gap semiconductor and spintronic behaviours [22] .
In this study, the electronic and the optical properties of monolayer BP doped with Sn, Au and I doping have been investigated via DFT method. The most stable structure for BP with doped impurity atoms has been determined by a result of calculations of the binding (E b ) and the formation energies (E f ). The static dielectric constant and the imaginary part of dielectric function related to absorption have been calculated for each both edge such as zigzag and armchair edges.
Computational method
The electronic and the optical properties of monolayer BP have been investigated with Atomistix Toolkit-Virtual NanoLab (ATK-VNL) based on a DFT pseudo-potential method [25] [26] [27] . In the calculations, BP with 4 × 3 supercell containing 48 phosphorus atoms which has 64: Cmca space group and the orthorhombic crystal structure was used. As exchange-correlation energy, Spin-polarised generalised gradient approximation (SGGA) with Perdew-Burke-Ernzerhof (PBE) functional was used [28] .
In geometry optimisation, the applied force to the structure was used less than 0.01 eV/Å. The cut-off energy and k-point sampling were used to converge the calculations 150 Ry and 7 × 7 × 1, respectively.
In the electronic calculations, the band structure, the density of states (DOS), E b , E f and the total energy (E tot ) were calculated. For each doped structure, the most stable structure was determined with the lowest E b and E f [29, 30] . The E b and the E f formulations were calculated by the help of Equations (1)- (3) [31] . In Equation (1), E dop tot , and E atom are the total energy of doped BP and the sums of the energy of the each atom in the structure, respectively. In Equation (2) the phosphorus atoms, respectively. Equation (3) is also including the same expressions. Figure 1 shows the top and the side views of monolayer BP used in the calculations. The BP has two different edges corresponding to zigzag and armchair edges, just like the graphene. Table 1 shows the lattice parameters of BP for both the numerical and the experimental studies. The calculations have been performed for lattice parameters close to experimental and theoretical lattice parameters.
Results and discussion
(1) Table 1 . lattice parameters of BP for both numerical and experimental studies.
Parameters
Present study Numerical study [21] Experimental study [8] In Table 2 , E b and E f are calculated by means of Equations (1)- (3) . When the comparison is made between the structures with impurities, it is seen that Sn doping has the lowest E b and E f values. Therefore, this doping state is energetically the most stable among the other doping states. Figure 2 shows the band structure and the DOS of BP had direct band gap at gamma (Γ) point. The bandgap value is 0.85 eV and this result is similar to the previous results [12, 13] .
The maximum point of the valence band and the minimum point of the conduction band are in −0.42 and 0.43 eV with respect to Fermi Level, respectively. The Fermi level is located at nearly mid-point the between these bands. As expected, and shown in the DOS calculations, it is shown that there are no spin-dependent states. Figure 3 shows band structure of the BP doped with Au, Sn and I atoms. It is shown that the BP doped with Au and Sn atoms has been exhibited metallic behaviour which is independent of spin states. The Fermi level has been entered to the valence band. An impurity band is shown at the Fermi level due to Sn atom. In BP doped with I, it is shown that the band structure is spin-dependent. Furthermore, there is nearly spin gapless semiconductor behaviour which has 32 meV of the bandgap in the BP doped with I. With I doping, the BP appears to have an indirect band gap for both spin up and spin down states between X and Γ points. These results are shown that the electronic band structure strongly depends on the specific doping type such as Au, Sn and I. Figure 4 (a) shows the partial density of states (PDOS) of a phosphorus (P) atom in the pure structure. The contributions from the shells of atoms contributing to total DOS are clearly visible. In pure structure, p and d shells of P atom formed the conduction band, but only p shell contributed to the valence band. In Au doping state, a charge density is shown at Fermi level. The source of these charge densities is found to be p and d shells. It is shown that the charge density from d shell of Au atom is higher than that of p shell at Fermi level. In contrary to pure structure, while s and p shells of Au atom contribute to the conduction band, d shell contributes to valence bands at near Fermi level, respectively. Figure 5 shows PDOS of BP with Sn and I doping. It is shown that BP with Sn has a charge density at Fermi level which can be seen in Figure 5(a) . As shown, this charge density results from s and p shells of Sn atom. PDOS of BP with I doping atom is shown in Figure 5(b) . It is clearly observed that the BP with I doping atom depends on spin states. There are mutual spin states too close to the Fermi level. This may be important in order to control spintronic properties of BP. Previous studies are shown spin dependent for different doping atoms [22, 23] . In Figure  5 (b), It can be seen that the source of these spin states mostly is p shell of I atom. Additionally, when compared with Au and Sn doping atoms, BP with I doping has a high charge density near Fermi level.
For a crystal dielectric function (ε i,j (ω)) is given by Equation (4): between 0 and 5 eV photon energy values. To analyse the optical properties of the pure BP and BP doped with Au, Sn and I structures, well-known Kramers-Kronig equations (Equations (5) and (6)) were used [32] : Figure 6 shows real part of dielectric function depending on photon energy for pure and doped BPs. Due to the different edges, it is expected that the different optical properties are exhibited. Thus, it is shown that there are anisotropic optical properties in the zigzag and the armchair edges. For each state, the static dielectric constants have been calculated with Equations (5) and (6) . For different edges, different static dielectric constants have been determined and shown in Table 3 . BP state which has the highest dielectric constant among the studied doping state is Au-doped BP with a value of ~30.1 for both edges. The imaginary part of the dielectric function depending on photon energy of the studied states are shown in Figure 7 . The optical band gaps of each state have been calculated and are shown Table 3 . The lower photon energies of BP doped with Au have been shown higher peaks than the others and thus it is expected that these energy values are a high absorption region.
Conclusion
In this study, the electronic and the optical properties of BP doped with Au, Sn and I have been investigated by DFT method. The band gap of the BP has been obtained consistent with the literature. The doping atoms have substantially changed the electronic and the optical properties of the BP. In the band structure calculations, BP doped with Au and Sn has exhibited metallic owing to important deep levels in the vicinity of the Fermi level. There are no any spin-dependent states in the BP doped with Au and Sn atoms. However, BP doped with I is found to be spin-dependent. It is determined that energetically the most stable structure is BP with Sn among the doping states others. Because of different edge states, the optical properties of BP have been shown the differences for both edges. The optical properties of each doping states have been investigated and it is determined that BP doped with Au has exhibited a high-static dielectric constant and has shown a high absorption in the low energy regions. These doping atoms may play the important role the controlling of the electronic and the optical properties of BP. 
